We provide a catalogue of pairs of stars whose periapses are less than 1 pc within the past or future 100 Myr. We use astrometric data from TGAS, Hipparcos and radial velocity data from RAVE and XHIP to find the space motions and hence the initial conditions of 229, 441 stars in Galactic coordinates. We simulate the orbits of these stars and focus on the time, distance and velocity at periastron for 8,149 pairs using the k-d tree algorithm to find nearest neighbors. We find an anisotropy in the directions of encounter pairs caused by the solar apex motion, indicating a role of peculiar motion imposing an anisotropic tidal force on planetary systems. We call this effect "kinematic tide". Among the encounter pairs there are 4 encounters with the Solar System with periapses less than 1 pc and 96 pairs with periapses less than 0.1 pc. We also find 577 close encounters of stars which host planetary systems and/or debris disks. We discuss a range of uses for an encounter catalogue and present an example of how the time-varying network of stellar motions will be crucial for efficient interstellar travel between planetary systems. The catalogues are available at http://star.herts.ac.uk/pandora/cep1.
INTRODUCTION
The habitability and dynamics of the Solar System are influenced by close encounters during the Sun's migration in the Galaxy. The encounters can strongly perturb the Oort cloud, deliver long period comets in Earth-crossing orbits and bombard the Earth, leading to catastrophic events such as mass extinction . Encounters may also be responsible for the formation of Sedna-like objects which become detached from Neptune and are immune from the tidal force from the Galaxy (Jílková et al. 2015) . Although planet nine has been proposed to explain the orbital alignment of Sedna-like objects (Batygin & Brown 2016) , planet nine itself was probably captured from a close encounter (Mustill et al. 2016) . The habitability and dynamics of any planets belonging to stars involved in close encounters, especially small ones, would also be influenced by the Solar System. The tidal force from the Sun could strongly perturb any disc material in the encounter systems, increase the impact rate, and even alter the orbits of outer planets orbiting low-mass stars. Hence the discovery of close encounters of the Solar System and further studies of the dynamical interaction between encounter stars and the Solar System will advance our understanding of the habitability and dynamical history of the Solar System and its past or future neighborhood.
The frequency of close encounters may be high over the past or future few million years based on the discoveries of close encounters such as Scholz's star and GJ 710, which passed and will pass the Sun at respective distances of 52 kAU and 13 kAU, 70,000 yr ago and 1.35 Myr from the present (Mamajek et al. 2015; Berski & Dybczyński 2016) . In particular, GJ 710 will penetrate and strongly perturb the Oort cloud leading to at least an order of magnitude increase in the flux of new long-period comets. Any planetary system belonging to GJ 710 would also be significantly influenced by the comet shower from the Oort cloud and as would any similar structures existing in the GJ 710 system. Anthropically, we have first been concerned about stellar encounters with the Solar System, however, such near encounters of stars and their planetary systems in the past and future maybe considered as ubiquitous in our dynamically active Galaxy. Although field stars typically have a relaxation time longer than the age of the Galaxy (Binney & Tremaine 2008) , the cumulative and stochastic effects of stellar encounters could have significant influence on the outer part of a stellar system or on multiple-component stellar systems. With more and more findings of widely separated stellar or planetary companions (e.g. Gizis et al. 2001 , Dhital et al. 2012 and Andrews et al. 2017 , it can be expected that the interaction with field encounters will be critical for some systems (e.g. Proxima Centauri, Feng & Jones 2018) .
Although the field encounters of a single star are still too distant to have strong dynamical impact on the stellar system, they may influence the habitability of the planets in the system through perturbing the potential circumstellar disc (or Oort cloud) and thus triggering asteroid or comet showers (Heisler et al. 1987) . Stellar encounters and the Galactic tide could also perturb planets on wide orbits and vary their periapses and eccentricities, leading to a variation of the strength of perturbations on inner planets from outer planets, and thus change the motions and habitability of inner planets (Kaib et al. 2013) . The planetary habitability could also be influenced by supernovae through direct damage of organisms or tropospheric ionization caused by cosmic rays from a supernova remnant if a planetary system is less than 100 pc from the progenitor (Thomas et al. 2016) . Other interactions such as encounters with globular clusters or molecular clouds could also significantly influence planetary habitability (e.g. Domainko et al. 2013 and see Bailer-Jones 2009 for a review).
Previous studies of the interaction between stars (or "encounter pairs") are typically limited to the statistical property of a system. For example, the influence of stellar encounters on planet formation in star clusters has been studied using N-body simulations (Malmberg et al. 2007 ). The study of individual encounters has only been done for the Solar System in order to explore the interstellar effects on the Earth's habitability (Feng & Bailer-Jones 2015) . These limitations in previous studies are partly caused by the assumption that field encounters of a star are dynamically weak and thus cannot significantly affect its evolution. However, with increasing number and diversity of the planetary components of stellar systems and of the habitability of exoplanets, the influence of encounters becomes an interesting consideration.
Encounter pairs also provide a time-varying network of potential connections between stars. In other words, the neighborhood of a star is dynamic rather than static. Although Proxima is our current closest neighbor, GJ 710 will be 20 times closer than Proxima about 1.35 Myr from now. If planets around encounter pairs are found to be habitable, they would form a time-varying network of connections between habitable worlds. Studies of this network are necessary to explore optimal travel routes for efficient interstellar exploration, which becomes interesting, for example, due to the practical endeavor of the Breakthrough Starshot project -https://breakthroughinitiatives.org/ and academic research (e.g., Heller & Hippke 2017) . Moreover, encounters potentially play a role in the transport of life to the Earth or the other way around (Napier 2004; Wickramasinghe 2010; Lingam & Loeb 2017) .
In recent years there have been huge improvements in the available astrometric and radial velocity data in the Galactic field particularly courtesy of Gaia TGAS (Gaia Collaboration et al. 2016) , RAVE DR5 (Kunder et al. 2017) and LAMOST DR2 (Luo et al. 2016) as well as other catalogues. This enables us to compute the orbits of more than 0.2 million stars to find potential encounter pairs separated by less than one parsec and for which the uncertainty of periastron can be estimated through direct simulations of 1000 clones for each encounter pair. Thus we are able to construct a large scale catalogue of encounter pairs, we call this catalogue CEP1 (Close Encounter Pairs 1). Although there are wide range of applications for such a catalogue, we select encounters of the Sun as well as stars hosting exoplanetary systems as being of particular interest. This work provides a prototype for more advanced encounter catalogs based on the upcoming Gaia and ground-based spectroscopy data releases (e.g. FunnelWeb, Lawson et al. 2016 ).
This paper is structured as follows. In section 2, we introduce the catalogues we use and combine to form the catalogue of 0.24 million stars. In section 3, we introduce the Galactic model, numerical methods and Monte Carlo approach, which are used for the integration of stellar orbits. In section 4, the catalogue based on the numerical simulations is described and individual encounter pairs are discussed in detail. In section 5, we discuss the range of potential applications of our encounter pairs catalogue. Finally, section 6 presents our conclusions.
DATA
To form a catalogue of stars with position and velocity information, we crossmatch the catalogues of the TychoGaia Astrometric Solution (TGAS, (Gaia Collaboration et al. 2016) ), Radial Velocity Experiment fifth data release (RAVE5, Kunder et al. 2017) Winters et al. 2015) , proper motions from the fifth US Naval Observatory CCD Astrograph Catalogue (UCAC5; Zacharias et al. 2017) , Hot Stuff for One Year (HSOY; Altmann et al. 2017) , PPMXL (Roeser et al. 2010) , and USNO-B1.0 (Monet et al. 2003) as follows.
• RAVE5+TGAS (210,099 targets; denoted by rt) -The common objects shared by RAVE5 and TGAS, with radial velocities from the former and astrometric data from the latter.
• XHIP+TGAS (30,849 targets; denoted by xt) -The astrometric parameters in the XHIP catalogue are replaced by the TGAS ones for common objects.
• LAMOST2+TGAS (87,781 targets; denoted by lt) -TGAS is cross-matched with LAMOST2 with a search-cone of 5 1 .
• RAVE5+HIP2 (5387 targets; denoted by rh). RAVE5 and HIP2 are cross-matched with a cone of 5 .
• XHIP+HIP2 (15,079 targets; denoted by xh) -Instead of using the proper motions in Tycho-2 (Høg et al. 2000) , we consistently use HIP2 proper motions for targets in XHIP because it contains covariance matrix of astrometric parameters, following Dybczyński & Berski (2015) .
• LAMOST2+UPC (4242 targets; denoted by lu) -LAMOST2 and UPC are cross-matched with a cone of 5 .
• RAVE5+RECONS+HSOY+UCAC5+PPMXL+USNO-B1.0 (53 targets; denoted by rr) -RAVE5 and RECONS are cross-matched with a cone of 5 . This catalogue is further cross-matched with HSOY, UCAC5, PPMXL and USNO-B1.0 with a 5 cone to obtain precise proper motions.
The above catalogues are sorted in priority order. For example, if the same target appears in rt and xt, the parameters in rt are used. Therefore the combination of the above catalogs forms a catalogue of 6D astrometric parameters of 349,161 stars. The positions of stars in each catalogue are converted to epoch J2000 in the ICRS coordinate system. To form a more conservative catalogue and thus make the identification of encounter pairs more efficient, we only simulate the motions of targets with relative proper motion and parallax errors less than 100%, with radial velocity (RV) less than 100 km/s, with RV error less than 10 km/s, and with good RV quality 2 , leading to a sample of 229, 441 stars. It should be noted that the periastrons of encounter pairs are very sensitive to observational uncertainties. For example, if the radial velocity and parallax are relatively certain while the proper motions are measured with a relative error of 100%, the error of perihelion for a encounter of the Solar System would also be ∼100%. When considering errors on parallaxes and radial velocities, the uncertainty of perihelion becomes even more significant. However, previous studies suffer from a lack of good quality data and typically use all available data to search for encounters of the Solar System. This may lead to many false positives, which are rejected by later studies (e.g. Crifo et al. 2017) . Since most stars in our catalogue are bright and are in the solar neighborhood, we call this catalogue Fellow Stars with 6D astrometric parameters (dubbed FS).
The TGAS catalogue provides the covariance matrix for the five astrometric parameters, α (right ascension), δ (declination), π (parallax), µ α (proper motion in the right ascension), and µ δ (proper motion in the declination). For stars in the HIP2 catalog, we derive the covariance matrix using the method introduced in Appendix B of Michalik et al. (2014) . We further assume that the five astrometric parameters are independent with the radial velocity, v r . For stars without covariance information, we assume independent errors for all six parameters.
Then we convert the 6D astrometric parameters into the initial conditions of Galactocentric (GC) positions and velocities, x, y, z, v x , v y , and v z . The coordinate system is shown in Fig. 1 . In the coordinate transformation, we adopt the 6D initial condition of the Sun according to Dehnen & Binney (1998) ; Majaess et al. (2009); Schönrich et al. (2010); Schönrich (2012) and shown in table 3 of Feng & Bailer-Jones (2014) . In Fig. 1 , we see that most stars with small astrometric errors are located in the solar neighborhood which is unsurprising since they need to be bright enough for precise astrometric measurements by optical surveys.
We investigate the distribution of the proper motions, parallaxes, and radial velocities of the FS sample and show them in Fig. 2 . We see the concentration of targets within 300 pc, indicating significant incompleteness of stars with distance larger than 300 pc. We find a slight deviation from an isotropic distribution of tangential motions since the mean value of µ α and µ δ are 0.00 and -8.55 mas/yr, respectively. We also find a positive mean radial velocity of 4.17 km/s of the sample. These anisotropies are probably due to the peculiar motion of the Sun. Assuming an isotropic spatial and velocity distribution of stars in the local standard of rest (LSR), the motions of stars in the helio-static framework would not be isotropic due to a subtraction of the solar apex motion from the velocities with respect to LSR. But this effect is reduced by the observation limit in various surveys. Since these limitations are typically caused by the distance and kinematics of stars with respect to the Sun, the corresponding catalogue tends to include stars with kinematics, which are isotropic in the helio-static reference frame. We will further discuss the influence of solar apex motion in section 4.1.
METHOD
To integrate stellar orbits numerically, we adopt an axisymmetric Galactic potential composed of budge, disc and halo defined in Feng & Bailer-Jones (2014) with corresponding parameters from García-Sánchez et al. (2001) . Then we numerically integrate the nominal orbits of FS stars using the Adams method implemented in the R package deSolve. We simulate the motions of stars from -100 Myr to +100 Myr with a time step of 1 kyr, leading to a relative numerical error of angular momentum of about 10 −7 over a 100 Myr integration. We then find the nearest neighbors within one parsec from each star for each time step using the RANN package in R, which is an implementation of the kdtree algorithm. Finally, we compare the distances of nearest neighbors for all time steps to select the closest stellar encounters of each star.
Considering that the 1 kyr time step may not properly resolve the periastron, we refine the calculation of periastron using the linear approximation at the point closest to periastron. The refined time, t enc , and distance, d enc , at the periastron are
where r 0 and v 0 are respectively the position and velocity of the encounter with respect to the target star. Our approach is similar to the heliocentric linear approximation used by Bailer-Jones (2015) to refine perihelia of encounters.
We estimate the uncertainty of periastron for each encounter pair in a Monte Carlo fashion. To make the estimation computationally efficient, we generate 1000 clones of each encounter pair, and numerically integrate their orbits with a time step of 0.1 Myr (i.e. dt = 0.1 Myr). In addition to the 1000 clones, we also integrate the nominal orbit with the same time step. We shift the periastron of the nominal orbit and clones such that the nominal periastron computed with dt = 0.1 Myr is the same as the one computed with dt = 0.001 Myr. We have also tried smaller time steps to calculate the uncertainty of periastron, the difference is not significant.
Since the astrometric errors are large for some distant and faint stars, the nominal periastron, d nom enc , may not reside within the interval defined by the 5% and 95% quantiles. This is partly caused by the inefficient sampling of the periastron distribution especially if the nominal periastron is far less than 1 pc. To account for this, we set the 5% quantile to be 0 if it is larger than the nominal periastron. We also follow Dybczyński & Berski (2015) to estimate the mean d enc usingd
wherex,ȳ, andz are the mean coordinates of periastrons.
RESULTS
We apply the method described in section 3 to the data introduced in section 2 to produce the so-called "EP1" catalog. This catalogue contains 186,423 encounter pairs, including 48 encounters approaching the Sun with d enc < 1 pc and 24 pairs separated by less than 0.01 pc. Since the uncertainty of encounter parameters for most stars in this catalog is too large, we make a more conservative and reliable catalog called "CEP1" by selecting pairs with RV errors less than 10 km/s, and excluding UPC targets, most of which are found to have unreliable parallaxes. We further remove pairs with the mean and 90% quantile of d enc less than 2 pc and 10 pc, respectively. The CEP1 catalog contains 8149 pairs, including 4 encounters of the Sun, 96 encounters with periastron less than 0.1 pc and 577 encounters of stars which host planets and/or debris disks. The EP1 and CEP1 catalogs are available at http://star.herts.ac.uk/pandora/cep1. Hereafter we will analyze the CEP1 catalog.
In the CEP1 catalog, we find the number of siblings of a target based on a cross-match between CEP1 and the Simbad database provided by the CDS service 3 . By excluding targets with multiple siblings (e.g., cluster stars and binaries) from the CEP1 catalog, we show the distribution of various quantities for single stars in Fig. 3 . The distribution of periastron P (d nom enc ) is found to be proportional to d nom enc , as shown in the left panel of Fig. 3 . This is expected because v enc is independent with d enc and P (d max ) ∝ nv enc d max (Feng & Bailer-Jones 2014) , wherev enc is the mean velocity of an encounter with respect to the target star, d max is the maximum periastron, and n is the local stellar number density. In Fig. 3 , we also observe that t nom enc is centered around 0, indicating significant incompleteness for encounters with |t enc | > 1 Myr. Moreover, we find a mean encounter velocity,v enc , of 65 km/s which is larger than the mean velocity dispersion (about 53 km/s) of stars in the solar neighborhood (Rickman et al. 2008) . This is partly caused by the fact that encounters tend to approach a star from the opposite direction to its peculiar velocity, v p . Another reason is that fast moving stars pass other stars more frequently, leading to a shift of P (v enc ) to a higher v enc .
Anisotropic encounters
Isotropic encounter velocities are typically assumed in the studies of perturbations of the Oort cloud, dynamical evolution of globular clusters, and the relaxation of stellar systems in general. However, encounter velocities are not isotropic due to the peculiar motion of the reference object with respect to the LSR (Feng & Bailer-Jones 2014) . We call this effect "kinematic tide". This effect is different from the dynamical friction (Chandrasekhar 1943) , although both of them are caused by the motion of a reference object and both lead to anisotropic perturbations on themselves.
Dynamical friction is caused by the anisotropic perturbations on the reference object from anisotropic spatial distribution of encounters. Relatively speaking, a massive object attracts encounters during its motion, leading to an over-dense region behind it and an under-dense region before it, leading to an anisotropic gravitational force on the reference object and thus a deceleration of the object. Since the anisotropy is correlated with the mass of the reference object, dynamical friction is only important for massive objects. Unlike dynamical friction, kinematic tide is caused by kinematics of stars. The anisotropy in the distribution of encounter periapses is more significant for faster stars. For example, if all stars are static apart from a reference star, the reference star would only be encountered by stars from the opposite direction of the reference star's motion. Thus the periastron would only be in the plane that perpendicular to the star's motion. We call this plane "tidal plane", which is induced by the peculiar motion of a star and is illustrated in Fig. 4 .
This anisotropy in the distribution of periastrons is well illustrated by the distribution of the directions of periastrons and relative velocities of encounter pairs with respect to the solar apex determined by the peculiar velocity of the Sun (Schönrich et al. 2010) , shown in Fig. 5 . If the encounters were isotropic, P (cos κ r ) and P (cos κ v ) would be uniform. But the non-uniformity in the distributions is significant. Although the motions of nearby stars are approximately isotropic in the LSR reference frame, the solar apex motion is added onto the peculiar motions of stars to derive initial conditions for simulations. Hence the solar apex motion is manifested in the distribution of the periastrons and relative velocities of encounter pairs. The non-uniform angular distribution of periapses shown in Fig. 5 is similar to the angular distribution of perihelia shown in fig. 7 of Feng & Bailer-Jones (2014) based on simulated encounters.
The effect of stellar peculiar motion could be significant. For example, the planetary system would be preferentially perturbed by encounters around the tidal plane. This effect is similar to the Lidov-Kozai mechanism (Lidov 1962; Kozai 1962) , which is a secular perturbation on a satellite from a third body on a wide orbit. However, this effect is stochastic while the Kozai mechanism is deterministic. Moreover, the tidal force is axisymmetric on average in the tidal plane while the tidal force from a third body is periodic and is not axisymmetric even averaged over several orbits due to the eccentricity of the third body. In summary, studies of the influence of kinematic tide on the formation and evolution of stellar systems are warranted in the case of encounter pairs especially where they harbour discs and planetary systems. 
Encounters of the Solar System
As an example, the four close encounters of the Solar System with d enc < 1 pc are shown in Table 1 . Since we choose stars with small measurement errors, we only find four encounters with nominal perihelion less than 1 pc. In these four encounters, HIP 71681 and HIP 71683 are bound to form the Alpha Centauri system. If we calculate the motion of the barycenter of Alpha Centauri A and B with respect to the Sun, we find d nom enc = 0.97 pc and t nom enc = 0.03 Myr. Because the barycentric velocities of alpha Centauri A and B are much less than the heliocentric motion of their barycenter, the values for HIP 71681 and 71683 reported in 1 are reliable. This principle also appliable for other wide binaries in the catalog.
In Table 1 , we confirm the results of Berski & Dybczyński (2016) and Bobylev & Bajkova (2017) that HIP 89825 (GJ 710) is still the closest recent encounter of the Solar System. Unlike other close encounters of the Solar System, the perihelion of HIP 89825 is well determined due to the high precision TGAS astrometry. The perihelion of HIP 103738 is 0.93 pc, consistent with the value given by Dybczyński & Berski (2015) and by Bailer-Jones (2015) .
Compared with the results in Bailer-Jones (2017) and Bobylev & Bajkova (2017) , we only report encounters with perihelion less than 1 pc and only use data with reliable radial velocity and astrometry. By including TAGS and RAVE targets with large measurement uncertainty in their sample, Bailer-Jones (2017) and Bobylev & Bajkova (2017) find some TGAS targets with perihelion less than 1 pc. But they admit that these encounters have unreliable data. Therefore, the TGAS astrometry do not lead to identification of new close encounters although it improves the precision of the perihelion of GJ 710.
Extremely close encounter pairs
We also show encounter pairs with d enc < 0.02 pc in Table 2 . We see the periastrons of most extremely close encounter pairs have large errors with respect to their extremely small periastrons. Some of these extremely close encounter pairs are probably binaries since their initial positions are very close and the corresponding t enc is close to 0. For example, HIP 41181 and HIP 41184 probably form a wide binary because they are currently close and the encounter time is 0.012 Myr. We further describe these encounter pairs in detail based on d nom enc as follows.
• Brewer et al. 2016 ).
• • HIP 41181 and HIP 41184. HIP 41181 (BD+45 1575a) and HIP 41184 (HD 70516) are a common proper motion pair (Gould & Chanamé 2004 Netopil et al. 2017 ) mean that it should be further investigated to further quantify its strong likeness to the Sun. The very different metallicities of the pair determined by the same study (and elsewhere) appears to be robust support for an encounter interpretation rather than the coevality usually associated with common proper motion pairs.
• HIP 51074 and HIP 85598. • HIP 52727 and HIP 58380. HIP 52727 (HD 93497) is a G5III and G2V binary with an estimated 138 year orbit (Malkov et al. 2012) . HIP 58380 (HD 103975) is a slightly metal poor ([Fe/H]=-0.12±0.04 (Netopil et al. 2017 ) F8.5VFe-0.5 star (Gray et al. 2006 ) with a mass of 1.134±0.065 M (M17).
• TYC 8793-520-1 and TYC 8793-962-1. TYC 8793-520-1 is a K star (Pickles & Depagne 2010) with [Fe/H]=0.07 (Kunder et al. 2017 ) mass of 0.752±0.023 M (M17) while TYC 8793-962-1 (HD 202326) is a G3/5IV star (Houk & Cowley 1975) and with a mass of 0.979±0.072 M (M17).
• 
Encounters of planetary systems
Encounters can also perturb the outer debris disc of planetary systems and increase the impact rate, affecting the habitability of planets in the habitable zone (Kopparapu et al. 2014) . For example, GJ 710 will pass the Sun at 0.06 pc about 1.35 Myr from the present, leading to an increase of cometary flux by at least one order of magnitude (Berski & Dybczyński 2016) . In the CEP1 catalog, we find 577 encounters of known planetary systems. For the purpose of follow up studies, we show a sample of encounters of well-known planetary systems in Table 4 .4. For example, Epsilon Eridani is a nearby young K star with a debris disk and two suspected planets (Campbell et al. 1988; Greaves et al. 1998; Quillen & Thorndike 2002) . This system passed HIP 77158 and HIP 39342 at 0.3 pc and will pass HIP 106255 at 0.28 pc. A potential Oort cloud around Epsilon Eridani can be strongly perturbed by these encounters and trigger comet shower in the inner system. Table 3 . A sample of close encounters of planet hosts. The parameters of the host stars are from http://exoplanet.eu. The names of encounters and corresponding encounter parameters are given by the "encounter" and subsequent columns. The columns to the left of the "encounter" column are the name, mass, radii, age, number of planets, observation of disc, and simbad spectral type of the planet hosts. 
POTENTIAL APPLICATIONS OF ENCOUNTER PAIR CATALOGS
From Table 2 , we see some encounter pairs which are less than 0.02 pc apart from each other. These encounter pairs provide a real sample to study the formation and evolution of wide binaries. For example, a star can capture planets or disc objects from an encounter in its birth cluster (Levison et al. 2010) . Wide companions can also be strongly perturbed and even ejected from the binaries by encounters and the Galactic tide (Feng & Jones 2017 , 2018 . Although simulated encounters are typically used to study the cumulative influence of encounters on stellar/planetary systems, a real sample of encounters can be used (1) to derive the encounter rate and thus to build a realistic encounter model, (2) to study the influence of individual encounters on the Oort-cloud-like structure of a system (Feng & Bailer-Jones 2015) , and (3) to study the influence of individual massive encounters on the dynamical stability of a system since massive close encounters are able to influence a system over a long time scale (e.g., Malmberg et al. 2011; Fouchard et al. 2011) .
The CEP1 catalog can be extended by including the orbits of star formation region star clusters. Stellar kinematics has been frequently used to trace the birth places of neutron stars (Tetzlaff et al. 2010) , runaway stars (Boubert et al. 2017; Marchetti et al. 2017) , and find solar siblings (Wielen et al. 1996; Martínez-Barbosa 2016) . By identifying encounters between field stars with stars in a star formation region, one can find the birth place of the field star. Specifically, the age and astrometric information of stellar encounters and star formation region are needed to reconstruct their orbits and to diagnose whether they have similar age and are associated. If a stellar system encounters a massive star cluster or a molecular cloud, it would probably be captured by the cluster or disintegrated if it contains multiple components. Although it may appear that some stars encounter a cluster with relatively high speed, there will be many slower encounters which could be bound to the cluster in the past. For example, the mean encounter velocity v enc of encounter pairs is about 65 km/s according to Fig. 3 . There are 10 encounters with periastron less than 1 pc in the CEP1 catalog with v enc < 1 km/s. Considering the incompleteness of this catalog, the considerable errors in the the data and that the cross section of a star cluster is significantly larger than that of a single star, there could be thousands of stars which have escaped from a cluster in the FS catalog. With more precise astrometry for these stars, it would be meaningful to trace their orbits back to the escape epoch and to find whether they belonged to the cluster based on simulations.
Moreover, the CEP1 catalog could be extended by including the orbits of supernova progenitors. The extended catalog could be used to estimate the position of supernova explosions and to find nearby planetary systems which were/will be influenced by these high-energy events (e.g. Breitschwerdt et al. 2016) . For example, if a planetary system is less than 100 pc away from a supernova, its habitability would be reduced either by direct damage of organisms or by secondary effects such as tropospheric ionization (Thomas et al. 2016) . Recent studies of the 60 Fe signature in the deep-sea crust on the Earth shows that the Earth has been less than 100 pc from multiple supernova explosions in the past 2 Myr (Breitschwerdt et al. 2016; Wallner et al. 2016 ). Hence we expect discoveries of closer encounters with supernova in the extended CEP1 catalog. In summary, CEP1 provides a real sample of encounters of binaries and planetary systems to study the influence of encounters on the dynamics and habitability of planets and companions. With a more comprehensive encounter catalogue based on future data releases, the forecast of "interstellar climate" for exoplanets would be feasible in the near future.
As mentioned in Section 1, the sample of encounter pairs also provides a time-varying network of stars, planets and thus potentially habitable worlds, which is illustrated by the stars within 10 pc of the Sun in Fig. 6 . Considering that this network suffers from incompletenesses, we generate random networks to derive the indicative time-scale for interstellar travel, and design the following two exploration strategies:
• Strategy 1 (S1, or trivial strategy): Humans launch one manned-spaceship every 100 years to reach the nearest habitable world and travel with a constant speed. If the nearest world cannot be reached within 100 years, humans wait for another 100 year to find possible explorable worlds. The explored worlds also adopt this strategy to explore other worlds.
• Strategy 2 (S2, or optimization strategy): Similar to the first strategy, but for exploration in an optimized fashion. Humans explore the other worlds by optimizing launch time and choosing target worlds which are near-by and with relative velocity such that the exploration time can be reduced.
To derive the exploration time scale, we (1) draw a sample of nearby stars with velocities simulated using the model in Feng & Bailer-Jones (2014) for a given star according to a number density of 0.25 pc −3 (Feng & Jones 2018) , and randomly select habitable worlds from them by adopting a ratio of habitability worlds f h (or habitability ratio), (2) select the next explorable candidate based on the first or second strategy, (3) calculate the travel time, (4) start a new exploration by repeating the first three steps every 100 year for 10 times, and (5) repeat step (1) to (4) for 10 times to estimate the uncertainty. Considering the current technology and humans' life span, we fix the launch rate at one spaceship per 100 year and the maximum travel time at 100 year. We vary the travel speed v t from 0.01c to 1c, where c is the speed of light. Although the occurrence rate of habitable zone planets have been intensively investigated (Dressing & Charbonneau 2015; Burke et al. 2015) , the ratio of habitable worlds are poorly known due to a lack of reliable criterion for habitability assessment.
We also vary the habitability ratio f h from 0.1 to 1. For both strategies, we find that the travel speed is crucial and interstellar travel is only possible if the speed is larger than about 0.01c. This is due to the fact that the number of explorable habitable worlds for a given limit of travel time T is proportional to f h (v t T ) 3 . Thus the explorable worlds are limited mainly by the travel speed. For travel speed higher than 0.4c, the difference in the travel efficiency between different strategies disappears because the spaceship is much faster than stellar motions which are used to reduce travel time.
We show the number of explored worlds N w for S1 and S2 as a function of v t and f h in Figure 7 . We find that an optimization strategy is more important for exploration of habitable worlds for v t = 0.1c than for v t = 0.05c and v t = 0.2c. Optimization is important for high habitability ratio if the travel speed is low while it is important for low habitability ratio if the travel speed is high. Moreover, S2 can be used to explore more distant worlds than S1, as seen in the right panel of Figure 7 . The maximum distance explored based on S1 decrease with f h because the habitable worlds are scarce and far away from a given world for a low habitability ratio.
For most cases that we investigate S2 reduces the time to explore distant worlds and becomes particularly important when the habitability ratio and travel speed are low and less habitable worlds are available to use as a stepping stone for onward travel. We caution that our brief investigation of interstellar travel is relatively simplistic and does not account for many important factors, e.g., time-varying travel speed and the different habitability levels of planetary systems. We expect that a more comprehensive study on interstellar travel will become appropriate with forthcoming improvements in the quality of astrometric and radial velocity data supplemented by increasingly robust metrics for quantifying planetary habitability. We provide a catalogue of encounter pairs, including the astrometry and periastron parameters of 8149 encounter pairs based on simulations of the motions of 349,161 stars with initial conditions derived mainly from the TGAS, Hipparcos and RAVE5 catalogues. We find 577 encounters of stars which host planetary systems and/or debris disks. We find 4 encounters of the Solar System with perihelion less than 1 pc and 96 encounters with periastron less than 0.1 pc. Since we only use the most reliable data, there is significant incompleteness in the sample of encounters (e.g., for the Solar encounters see the middle panel of Fig. 3) .
We find significant anisotropy in the angular distribution of encounter pairs. This anisotropy is caused by the solar apex motion, which is added onto the helio-static motions of stars for orbital integrations. This observed anisotropy is consistent with the prediction of Feng & Bailer-Jones (2014) based on simulated encounters. The anisotropic encounters would perturb planetary systems preferentially and induce a tidal plane, where the tidal force is stronger. Similar to the Kozai mechanism, this mechanism would probably change the orbits of wide companions and outer planets in a stellar system, which can further influence the habitability of inner planets through the Kozai mechanism (Kaib et al. 2013) .
The CEP1 catalogue can be used as a starting point to study the dynamics of nearby hierarchical stellar systems such as Fomalhaut, alpha Centauri, and to identify non-coeval wide binary candidates such as HIP 41181 and HIP 41184. This catalog can be extended by integrating the orbits of molecular clouds, supernova progenitor, and star clusters. The extended catalog can be applied to identify the birth place of stars and to study the influence of globular clusters, supernovae, and molecular clouds on the dynamics of stellar systems and on the habitability of planetary systems. Since a number of the stars in the CEP1 catalog are known to host planets, it also provides encounters of planetary systems, showing the potential to forecast and/or reconstruct the interstellar climate of planetary systems.
Since this encounter catalog provides time-varying stellar neighbors, potentially habitable planets around these neighbors would form a network of habitable worlds. By simulating networks of habitable worlds, we find that interstellar travel can be optimized based on the use of motions of the worlds in the network. Given a low occurrence rate of habitable worlds and travel speed, an optimized strategy is crucial for the success of humans' interstellar travel. This motivates the importance of identifying a more complete network of stellar encounters as well as the detection and better quantification of potentially habitable planets around nearby stars.
Most encounter pairs in the CEP1 catalogue are not determined with precise astrometry. With the upcoming Gaia data releases, we expect a significant improvement in the precision of periapses for a much larger sample. In addition, the Galactic potential in our work is not determined in a self-consistent way because our sample is relatively local to the Sun and thus cannot be used to constrain the global model of the Galaxy.
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